This study is one of few detailed analyses of plant diversity and vegetation patterns in African dry forests. We established permanent plots to characterize plant diversity, above-ground biomass, and vegetation patterns in a tropical dry forest in Kimbi-Fungom National Park, Cameroon. Our results contribute to long-term monitoring, predictions, and management of dry forest ecosystems, which are often vulnerable to anthropogenic pressures. Background and objectives: Considerable consensus exists regarding the importance of dry forests in species diversity and carbon storage; however, the relationship between dry forest tree species composition, species richness, and carbon stock is not well established. Also, simple baseline data on plant diversity are scarce for many dry forest ecosystems. This study seeks to characterize floristic diversity, vegetation patterns, and tree diversity in permanent plots in a tropical dry forest in Northwestern Cameroon (Kimbi-Fungom National Park) for the first time. Materials and methods: We studied associations between above-ground biomass and species composition, and how different vegetation types vary in terms of species composition, diversity, and carbon storage, in a dry forest in Kimbi-Fungom National Park, Cameroon. Vegetation was inventoried in 17 permanent 1-ha plots. Allometric equations were used to calculate above-ground biomass and carbon. Results: We found an average of 269.8 tree stems ha À1 and 43.1 species ha À1 . Five vegetation types: semi-deciduous, gallery, mixed vegetation, secondary and the grassland/woody savanna forest were classified using TWINSPAN analysis. The five vegetation types had an average above-ground biomass of 149.2 t ha À1 and 74.6 tC ha À1 of carbon in the 17 ha analyzed. Canonical correspondence analysis (CCA) showed the importance of semideciduous forest over grassland/woody savanna forest. Conclusions: This study demonstrated that the forest of the Kimbi-Fungom National Park is poor in plant diversity, biomass, and carbon, highlighting the need to implement efficient management practices. Fine-scale inventory data of species obtained in this study could be useful in developing predictive models for efficient management of tropical dry forests.
Introduction
Forest inventory and monitoring are key tools in understanding the structure, composition, diversity, above-ground biomass, and carbon storage of different vegetation types and habitats, and are also key in achieving targets for international agreements [1] . Dry forests rank among the most threatened ecosystems globally, creating a need for detailed assessments of biodiversity hotspots, carbon stocks, and the extent and preservation of these forests [2, 3] . Anthropogenic factors, such as agriculture, pastoral nomadism, and population expansion, are reducing dry forest extents, and natural factors like drought and fire also affect this biome; these ecosystems appear highly vulnerable even to small increases in temperature [4] .
Cameroon, situated at the juncture of West and Central Africa, holds important extents of Lower Guinean forest [5, 6] , holding rich biodiversity totaling around 9000 species, 1800 genera, and 230 families of vascular plants [7, 8, 9] . Cameroon holds three main biomes: dry savanna, moist savanna, and tropical rain forest. Dry savanna covers the The climate of KFNP has two seasons within the Equatorial Cameroon climate type [11] , with a dry season in November through mid-March with <100 mm; December to February are the driest months. The rainy season occurs in April-October each year, with August and September being the wettest months. No detailed climatic data are available for this area; however, it is not expected to deviate much from the nearby Mbembe Forest, <100 km away, which has the following climatic conditions: rainfall 1824-1958 mm, and annual mean temperature 21-24 C. It's unfortunate that the KFNP area does not have a climate station. The nearest small rain gauge station is at Ako which is > 50 km away, and a weather station in Bamenda which is further away from the field site. KFNP soils are ferruginous, brown to gray in color [17] , and with an acidity of around pH 5.6. Plots were established in the central part of the park, at elevations of 429-898 m.
Field sampling
Representative plots occurring in clusters of pre-classified vegetation formations (dry semi-deciduous, grassland savanna, gallery forest, swamp and secondary forest), as described in Letouzey 1985 [16] were sampled. Plots were selected using a simple random approach in each cluster. Four and a half hectares were sampled in a dry semi-deciduous forest: 10.1 ha in grassland/woody savanna, 1 ha in secondary forest, 0.8 ha in gallery forest, and 0.4 ha in mixed vegetation (Table 1) . However, 0.2 ha of fallow land with no trees were recorded in plot 11 ( Table 1) . During the study period, the savanna areas of the reserve were under intensive cattle grazing, and the semi-deciduous forest was subjected to subsistence crop farming.
We used line transects of 500 Â 20 m as plots, established across the various vegetation types (Figure 3 ). We established 17 plots in total (Table 2) , on which all trees and lianas !10 cm trunk diameter at breast height (1.3 m, dbh) were sampled. Trees, shrubs, and lianas with trunk dbh <10 cm were measured with calipers, whereas trees and lianas !10 cm were measured with a diameter tape. Lianas were measured above the last rooting points, at 1.3 m above the ground [18, 19, 20] . Tree height was determined as the average of visual estimates by 3 field staff. All individuals were measured, and identified to morphospecies; voucher specimens were collected for each morphospecies. Dominant species were defined as species with highest abundance of stems; rare species were those with <5 stems for each vegetation type. Habitat type (swamp SW, flat dry forest FD, slope SL, plateau PL) was recorded for each plot. Finally, outside of plots sampled, observational data were accumulated as we traversed the area, to enhance the general species list for the area.
Data analysis
TWINSPAN multivariate analysis was used to classify vegetation types using the PC-ORD package [21] . Species diversity estimates and correspondence analysis were achieved using PAST, version 2.17 [22] . Data for each vegetation type were separated into different life forms: trees !10 cm, shrubs 10 cm, and lianas !1 cm [23, 24, 25] . Forest structure was classified into three strata (life forms): <10 m, 10-30 m (10-29 m), and !30 m height.
Above-ground biomass (AGB) was estimated for all trees with dbh !10 cm, using the allometric equation of [26] (equation 1). Tree height was estimated following [27] (equation 2):
H ¼ e 1:321þ0:482 ln Dþ0:027lnp
where AGB ¼ above-ground biomass (tons), ρ ¼ wood specific density (g/cm 3 ) at 0% humidity [28] , D (dbh) ¼ diameter at breast height (1.30 m), e indicates the exponential function, and H ¼ height (m). Carbon was estimated for trees !10 cm as
Forest structure and composition were described using parameters, including basal area, relative density, relative dominance, relative frequency, and the importance value index [29] .
We calculated basal area (BA), the area occupied by plant (species) at breast height, as
The Shannon-Weiner index (SW) is a useful index of diversity in 1-ha plots [29] and is calculated via the following formula: where p i is the proportion of individual of a species (number of individual of a species/total number of all species) and ln is the natural logarithm. The natural logarithm of the number of species or ln(S), is the maximum value of SW [29] .
Results

Species composition and diversity
In total, 5551 stems of trees, shrubs, and lianas (multiple stems inclusive) were recorded in the 17 1-ha plots, with dbh !1 cm. We recorded 4987 stems of trees and lianas, with dbh !1 cm, belonging to 201 morphospecies, with an average density of 293 stems ha À1 ; 564 trees and lianas had multiple stems. We recorded 4607 trees with dbh !10 cm, representing 178 species, 110 genera, and 42 families; an additional 350 trees with dbh <10 cm represented 84 species, 72 genera, and 33 families. We also recorded 30 stems of lianas !1 cm (27 stems with dbh !10 cm) representing 15 species, 15 genera, and 11 families ( Table 3 ). In all, 147 species (76.9%) were identified to the species level; 118 genera (83.6%) were identified. The mean number of trees ha À1 with dbh !10 cm was 270 AE 74 trees ha À1 (range 157-404 trees ha À1 ). Shrubs with dbh <10 cm had an average of 135 ha À1 , with a range of 5-495 ha À1 . Lianas with dbh !1 cm had a mean of 2.8 stems ha À1 , with a range of 1-6 stems ha À1 . In all, shrubs (dbh 10 cm) represent a mean SW index of 1.8, ranging from 0-3.4, lianas (dbh !1 cm) 0.26 ranging 0.6-1.8, and trees (dbh !10 cm) 3.14 ranging 2.6-3.5. These results reflect highest diversity in trees, followed by shrubs, in the study site (Table 3) .
Species richness and diversity varied among plots and life forms, with a mean of 43 AE 13 species ha À1 , ranging 27-65 species ha À1 . The Shannon-Weiner diversity index was invariably !2.5, with an average of 3.1, ranging 2.7-3.5 (Table 4 ). In all, 144 species were collected outside sample plots as observational effort ( Table 5 ).
Basal area
The 17 ha plots gave a total basal area (dbh !10 cm) of 257.4 m 2 , with a mean per plot of 15.1 m 2 ha À1 (range 6.8-32.4 m 2 ha À1 ). The dominant family was Fabaceae (87.0 m 2 , 33.2%; Table 6 ) followed by Chrysobalanaceae Table 7 ). The total basal area for trees <10 cm dbh was 1.7 m 2 ha À1 whereas lianas gave 3.6 m 2 ha À1 . Semi-deciduous forest had the largest basal area of 27.7 m 2 ha À1 , followed by secondary forest (12.9 m 2 ha À1 ), gallery forest (7.7 m 2 ha À1 ), grassland/woody savanna (1.6 m 2 ha À1 ), and mixed vegetation (0.8 m 2 ha À1 ) ( Table 1 ).
Forest structure
Average tree height in the five vegetation types ranged from 2-45 m. The 17 ha plots held 4607 trees of 178 species, 110 genera, and 42 families in morphospecies for trees !10 cm dbh. Trees <10 m tall formed the bulk of abundance, representing 66.6% (3068 tree stems). Trees 10-29 m tall represented 29.0% (1336 tree stems), and trees of height !30 m represented 4.1% (190 stems) of the total stems. Based on the different vegetation types, for trees <10 m tall, gallery forest represented 6.6% (201 stems), woody and grassland savanna 66.2% (2029 stems), mixed vegetation 2.1% (63 stems), semi-deciduous forest 19.8% (606 stems), and secondary forest 5.5% (169 stems), of total numbers of stems.
Classification and vegetation patterns
Multivariate analyses using TWINSPAN revealed five vegetation types, a dry semi-deciduous forest (here termed primary forest), and four dry forest types (here identified as secondary forest, gallery forest, mixed vegetation, and grassland/woody savanna) in Cameroon ( Figure 4 ), with 4607 stems in 178 morphospecies, 110 genera, and 42 families. Twentyone and twelve individuals were not identified to genus and family, respectively. Main and secondary forest matrices were based on abundances of tree species !10 cm that were all identified to species, measured for dbh, and with data on elevation ( Figure 4 ).
In all, seven plots held elements of semi-deciduous forest, representing 4.5 ha of 17 ha sampled, with a total of 1559 stems in 130 species, 89 genera, and 39 families. Dominant species were Maranthes glabra, (227 stems), Sorindeia grandifolia (95 stems), Spondianthus preussii (93 stems), Pseudospondias microcarpa (85 stems), Chrysophyllum ubanguiense (75 stems), and Brachystegia eurycoma (70 stems). In this vegetation type, 37 species were rare, with one individual each, such as Beilschmiedia gabonensis, Bridelia atroviridis, Daniellia oliveri, Englerophytum stelechanthum, and Shirakiopsis elliptica.
Secondary forest (three plots), with 0.96 ha of the 17 ha sampled, had 259 stems pertaining to 55 species, 44 genera, and 26 families. One morphospecies was identified only to genus and one only to family. Dominant species were Hallea stipulosa (36 stems), Ricinodendron heudelotii (18 stems), Albizia zygia (17 stems), Trema orientalis (12 stems), and Anthocleista djalonensis and Sterculia tragacantha with 10 stems each. Eighteen species were rare in this vegetation type, with one individual each, such as Alstonia boonei, Daniellia oliveri, Erythrophleum suaveolens, Irvingia wombulu, and Quassia sylvestris.
Gallery forest, found in eight plots representing 0. 
Above-ground biomass and carbon
Our 17 ha of sample plots yielded a total above-ground biomass of 2537.3 t, and carbon content of 1268.6 t ( Table 4 ). Among the 11 families with highest AGB, Fabaceae had the highest AGB (914.9 t ha À1 ), corresponding to 457.5 t ha À1 of carbon (Table 6 ). Brachystegia eurycoma had the highest AGB of any species (439.3 t ha À1 ), equivalent to 219.6 t ha À1 of carbon (Table 7) . Mean AGB by vegetation type was 203.8 t ha À1 in mixed vegetation forest, 72.0 t ha À1 in grassland/woody savanna, 141.0 t ha À1 in gallery forest, 167.7 t ha À1 in secondary forest, and 321.5 t ha À1 in semi-deciduous forest ( Table 1 ).
An overall species list and abundance in the 17 1-ha permanent plots is represented in Table 8 . The correspondence analysis showed that the first two axes accounted for 82% (axis 1 ¼ 65% and axis 2 ¼ 17%) of total variation in this study. Axes 1 and 2 explained over 71% of the variance. The correspondence analysis revealed two distinct associations among the variables; low number of species, low above-ground biomass, and grassland/woody savannah were associated, whereas high number of species, high above-ground biomass and semi-deciduous forest were associated ( Figure 5 ).
Discussion
Tree diversity, density, and trunk diameter are important indicators in assessing forest above ground biomass and other ecological processes in tropical forests; these indicators vary across regions, vegetation types, and habitats. Average tree density in the dry forest of KFNP was generally lower compared to tropical dry forests in other regions: for example, mean tree densities of 994 stems ha À1 (dbh >10 cm) and 3486 stems ha À1 (dbh >1 cm) were documented in the tropical dry forest of Bannerghatta National Park of the Eastern Ghats in southern India and Hawaiian lowland dry forest, respectively [30, 31] . A study in nearby Mbembe Forest Reserve, in different vegetation types, gave an average of 741 stems ha À1 in woody savanna, 236 stems ha À1 in grassland savanna, and 4963 stems ha À1 in semi-deciduous forest at dbh !1 cm [10] . Trees with dbh !10 cm in Mbembe Forest had an average of 311 stems ha À1 in woody savanna, 124 stems ha À1 in grassland savanna, and 408 stems ha À1 in semi-deciduous forest [10] . The low tree density in KFNP and indeed in the greater Bamenda Highlands could be attributed to unsustainable practices such as gathering of fuel wood, timber exploitation, pastoral nomadism, and subsistence agriculture. Nevertheless, globally, Table 6 . Eleven plant families with the highest above-ground biomass, and carbon stock in 17 1-ha plots in Kimbi-Fungom National Park, Cameroon. tropical dry forests are highly threatened: recent reports are that tropical dry forests in Latin America and the Caribbean have been reduced to <10% of their original extent [32] . Our results highlight the poor current state of the dry forest of KFNP and the need for appropriate interventions.
Mean tree species richness (for trees with dbh !10 cm) of 43.1 AE 13.3 species ha À1 (27-65 species ha À1 ) in KFNP was comparable to that in the dry forest of Africa (Cameroon and Congo; 23, 33) and the Western Ghats, India, which ranged from 30-57 species ha À1 [34] [35] . Studies of 19 mature tropical forest sites in the Neotropics, Southeast Asia, Australia, and Africa revealed a minimum value for species richness for trees with dbh !10 cm of 56 species [33] . However, the mean tree species richness of 43.1 species ha À1 in KFNP (Table 4 ) is low in comparison to the rainforests of the Rumpi Hills (lowland forest 117.5 species ha À1 , submontane forest 75 species ha À1 ) and Korup National Park lowland rain forest (88.5 species ha À1 ) [23] [24] [25] [36] [37] . Thus, KFNP, with a mean of 43.1 species ha À1 and Mbembe Forest (29.8 species ha À1 ) can be considered as relatively species-poor. In this study, the most abundant families were Fabaceae, Rubiaceae, and Phyllanthaceae (Table 6) , and the most abundant species were Terminalia glaucescens, Maranthes glabra, and Uapaca togoensis ( Table 7) . Ten species in our study yielded 1618.8 t of AGB amounting to 63.8% of the total (2537.3 t) with an overall abundance of 1489 tree stems ( Table 7 ). The number of species and basal area were higher in the dry semi-deciduous forest than in the other vegetation types (Table 1) , which is expected, since semideciduous forest is closer to lowland or mid-elevation rainforest with large trees than the open grassland and woody savanna that are prone to fire annually. It is evident from the maps (Figure 1 ) presented in the introduction that the forest has been degraded substantially over a 36-year period, from 1979-2015. This study is one of few in Cameroon and the broader Congo Basin region that have calculated diversity, above-ground biomass, and carbon in a dry forest [10, 11, 38, 39] . In the 17 ha sampled, we calculated a mean AGB of 149.2 t ha À1 and carbon of 74.6 tC ha À1 . These values are far lower compared to values of AGB (!429 t ha À1 ) and carbon stock (!249 tC ha À1 ) documented for other Central African forests [37] . Although the present study revealed that KFNP is poor in mean AGB and carbon, exceptions were observed for some specific plots; for example, plots 1-3 had high mean AGB of 356.3 t ha À1 and mean carbon of 178.2 tC ha À1 , and were only slightly lower than values from studies elsewhere in the region [40, 41] (Table 4 ). In Congo Brazzaville (Iboukikro and Ngambali Forest), a study of 6 1-ha plots in a gallery forest revealed a higher mean of 170.7 tC ha À1 [39] than the gallery forest in KFNP (70.5 tC ha À1 ).
The semi-deciduous forest showed a strong association of high AGB with number of species, and mixed vegetation had the lowest AGB in KFNP (Table 1, Figure 5 ). While the low carbon content in the grassland/ woody savanna, gallery, and mixed forest may be attributed to the scanty vegetation and/or anthropogenic activities, other factors such as rainfall, duration of wet season, and topography can also influence net primary productivity of tropical dry forest [2] . Our results in some ways reaffirm the assertion that higher species richness could be associated with higher carbon storage in some forests [42] . The study further highlights the need for restorative interventions, such as reforestation, especially in the grassland/woody savanna vegetation.
Conclusions
The forest of the Kimbi-Fungom National Park is generally poor in plant diversity, biomass and carbon, especially in the secondary, mixed vegetation, gallery and grassland/woody savanna vegetation types. This work underlines an urgent need to implement efficient management practices to restore the forest.
Data of this study is part of a general database of species from 70 1-ha permanent plots established by the Tropical Plant Exploration Group on the continental Cameroon Mountains and hosted by the Global Biodiversity Information Facility [43] .
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